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We investigate the optical conductivity of photogenerated solitons in quasi-one-dimensional 
halogen-bridged binuclear transition-metal (MMX) complexes with particular emphasis on a 
comparison among the three distinct groups: yl4[Pt2(P20sH2)4X]-nH20 (X — CI, Br, I; A = 
Na, K, NH4, • • •), Pt 2 (i?CS 2 )4l (R = C„H 2 „+i) and Ni 2 (CH 3 CS2)4l, which exhibit a mixed- 
valent ground state with the X sublattice dimerized, that with the M2 sublattice dimerized 
and a Mott-Hubbard magnetic ground state, respectively. Soliton-induced absorption spectra 
for yl4[Pt2(P205H2)4X]-nH20 should split into two bands, while that for Pt2(i?CS2)4l and 
Ni2(CH3CS2)4l should consist of a single band. The excitonic effect is significant in Ni2(CH3CS2)4l. 

PACS numbers: PACS numbers: 71.45.Lr, 42.65.Tg, 78.20.Ci, 78.20.Bh 



MX chains, that is, a family of quasi-one-dimensional 
halogen (X)-bridged transition-metal (M) complexes, 
provide an exciting stage 1-4 performed by electron- 
electron correlation, electron-lattice interaction, low di- 
mensionality and d-p orbital hybridization. In recent 
years, binuclear metal analogs which are referred to 
as MMX chains have stimulated renewed interest 5 ' 6 in 
this system. The existent MMX compounds consist 
of three groups: A4[Pt 2 (pop) 4 X]-nH 2 (X = CI, Br, I; 
A — Li, Cs, pop = diphosphonate = P2O5H2 ~) 7,8 , 
Pt 2 (i?CS 2 ) 4 I (R = alkyl chain = C n H 2 „+i) 9 ' 10 and 
Ni 2 (dta) 4 I (dta = dithioacetate = CHjCS^) 11 . 
^4[Pt 2 (pop)4X]-rtH 2 resembles conventional MX com- 
pounds and generally exhibits a similar ground state of 
mixed valence with halogen-sublattice dimerization 12,13 , 
which is referred to as the charge-density-wave (CDW) 
state. Pt 2 (i?CS 2 )4l exhibits a distinct ground state 
with metal-sublattice dimerization 14 , which is referred 
to as the alternate charge-polarization (ACP) state. 
Ni 2 (dta) 4 I exhibits the averaged- valence state without 
any lattice distortion 15 and is regarded as an insula- 
tor of the Mott-Hubbard (MH) type. These ground 
states can be tuned by pressure 16-19 as well as replacing 
the bridging halogens 13,20 , counter ions 18 ' 21 and ligand 
molecules 22 . 

In such circumstances, topological excitations 23 such 
as solitons and polarons have been found for an MMX 
Hamiltonian of the Su-Schrieffer-Heeger type 24 and an 
analogy between MMX chains and irans-polyacetylene 
has been pointed out. The direct M(d z i)-M(d z i) over- 
lap effectively reduces the on-site Coulomb repulsion 
and therefore electrons can be more itinerant in MMX 
chains. In fact MMX chains exhibit much higher room- 
temperature conductivity than MX chains 14 . Solitons 
generally have lower formation energies and smaller ef- 
fective masses than polarons in MMX chains 25 . Then we 
take more and more interest in MMX solitons as charge 
or spin carriers. While MMX uniform absorption spec- 
tra have recently been investigated 26 , but photoinduced 
ones, which serve as prominent probes for nonlinear exci- 
tations, have neither measured nor calculated yet. Thus 



motivated, we study optical conductivity for MMX soli- 
tons and illuminate a possible contrast among the family 
compounds. 

We describe MMX chains by the one-dimensional I- 
fillcd single-band Peierls-Hubbard Hamiltonian 
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where n n , s = a n , s a n ,s and m n , s = bJ, )S &n,a with aj^ 
and 6jj s being the creation operators of an electron with 
spin s = ± (up and down) for the M d z i orbitals in 
the nth MMX unit. tj^M an d ^mxm describe the in- 
tradimer and interdimer electron hoppings, respectively. 
a and are the intersite and intrasite electron-lattice 
coupling constants, respectively, with Kmx being the 
metal-halogen spring constant. u n and v n are, respec- 
tively, the chain-direction displacements of the halogen 
and metal dimer in the nth MMX unit from their equi- 
librium positions. We assume, based on the thus-far re- 
ported experimental observations, that every M 2 moiety 
is not deformed. The lattice distortion is adiabatically 
determined through the Hellmann-Feynman force equi- 
librium condition. We show in Fig. 1 the ground-state 
phase diagrams within the Hartree-Fock (HF) approxi- 
mation. Setting tMXM and Kmx both equal to unity, 
we adopt a common parameter set: tMM = 2.0 , Vmm — 
0-5 , Vmxm =0.3. The rest are taken in three ways as a) 
U M = 1.0, a = 0.0,(3 = 1.4; b) U M = 1.0 , a = 0.3 ,0 = 
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FIG. 1: Ground-state phase diagrams. 



1.0; c) Um = 3.0, a = 0.3,(3 — 1.0; which are relevant 
to ,4 4 [Pt 2 (pop) 4 A:]-nH 2 0, Pt 2 ( J RCS 2 )4l and Ni 2 (dta) 4 I, 
and indeed give the CDW, ACP and MH ground states, 
respectively. 

The optical spectra are obtained by calculating the ma- 
trix elements between the ground state |g) of energy E g 
and the excited states \l) of energy Ei (I = 1, 2, • • •) for 
the current operator 

N 

J = ^ ^ {cMMtMM(bh, s CLn,s ~ a l hs bn,s) 
n—1 s— ± 
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x(4+l,A,* ~ b L s an+i, s )y (2) 

where cmm and cmxm are the average M-M and M-X- 
M distances, respectively, and are set for cmxm = ^ c mm- 
The real part of the optical conductivity is given by 



(3) 



|g) is set for the HF ground state, while \l) is calculated 
within and beyond the HF approximation, being gener- 
ally defined as 



I0 = EE E /(^ s ;04 ia <w,|g) 



(4) 



where eF is the Fermi energy and c\ creates an elec- 
tron with spin s for the Ath HF eigenstate with an 
eigenvalue e\. In the HF scheme, any excited state is 
simply approximated by a single Slater determinant as 
f(/j,, v, s; V) = 8^ vs ,i- We further consider excited states of 
the configuration-interaction (CI) type, where f(fi, v, s; I) 
is determined so as to diagonalize the original Hamilto- 
nian (1). We set ./V equal to 84, where 2 GB memory is 
necessary for the CI calculation. 



FIG. 2: Localized levels due to solitons in a pair, where the 
solid and broken segments designate those for up-spin ( j) and 
down-spin (J.) electrons, respectively, (a) Qualitative illus- 
trations for charged and neutral soliton pairs, (b) Quanti- 
tative illustrations for soliton pairs in A 4 [Pt2(pop) 4 X]-nH20, 
Pt2(-RCS2)4l and Ni2(dta) 4 I, where the dotted line designates 
the center of the gap. 



Since photogenerated defects are necessarily in pairs, 
we find the most stable soliton (S)-antisoliton (S) pair at 
a sufficiently low temperature k^T ' jtuxu = 10 -3 with- 
out any assumption on the soliton shapes. A pair of 
solitons generally gives two additional levels within the 
gap, as is illustrated in Fig. 2(a). There appear fur- 
ther soliton-related intragap levels in the strong-coupling 
region 27 . These levels are strongly localized and com- 
pletely assigned to each soliton. The spin up-down sym- 
metry holds with a charged soliton pair S _ — S + , whereas 
it breaks down with a neutral soliton pair S 0T -S 0i . The 
lower level is doubly filled, while the upper one is vacant. 
Considering that there is no essential overlap between the 
wave functions of well-separated S and S, either an opti- 
cal transition between the vacant soliton level and the va- 
lence band or that between the filled soliton level and the 
conduction band may yield absorption in the gap. The 
level structure of any soliton pair quantitatively depends 
on the background compound and typical energy schemes 
are predicted in Fig. 2(b). Since the electron- hole sym- 
metry is broken in the Hamiltonian (1), soliton-related 
electron and hole levels may be asymmetric with respect 
to the center of the gap. It is indeed the case with the 
CDW background of j4 4 [Pt 2 (pop) 4 A]-nH 2 0, whereas on 
the ACP background of Pt 2 (i?CS 2 ) 4 I and the MH back- 
ground of Ni 2 (dta) 4 I, a soliton of charge a, S CT , and that 
of spin s, S 0s , described in terms of electrons are still 
nearly equivalent to their counterparts S~ CT and S° ~ s de- 
scribed in terms of holes, respectively. 

In consequence, photoinduced soliton absorption spec- 
tra for A^fPfe (pop )iX ]-nH2 O should split into two bands, 
while those for Pt2(RCSi)nJ and Nvz(dta)±I should 
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FIG. 3: Hartree-Fock (HF) and single-excitation configuration-interaction (SECI) calculations of the optical conductivity 
spectra for the optimum soliton-antisoliton pairs on the CDW, ACP and MH backgrounds, where each line has been Lorentzian- 
broadened. The mid-gap absorption bands due to solitons are scaled up in insets. 



consist of a single band, as is demonstrated in Fig. 
3. The excitonic effect is remarkable in the strong- 
correlation compound Ni2(dta)4i. In mixed- valent MX 
chains, neutral solitons seem to be the lowest-energy pair 
excitations 28,29 . In mixed- valent MMX chains, on the 
other hand, charged solitons may be the lowest-energy 
excitations because the on-site Coulomb repulsion Um 
and the Holstein coupling (3 are effectively smaller and 
larger, respectively 6 ' 14 . Polarons have much higher for- 
mation energies for both Ml 2,28 and MMX 25 chains 
and can therefore be generated from relatively high- 
energy excited states corresponding to the electron-hole 
continuum 30 . An excitation energy close to the Peierls 
gap directly induces charge-transfer excitons 31 and they 
may relax into soliton pairs for MMX chains as well. The 
optical conductivity spectra for Ai[Pt2(pop)4X]-nH20 
clearly distinguish between charged and neutral solitons. 
The charged (neutral)-soliton mid-gap absorption spec- 



trum is double-peaked and the higher (lower)-energy 
band has larger oscillator strength. As for Pt 2 (dta)4l 
and Ni2(dta)4l, further measurements such as electron 
spin resonance 32 are supplementary to find out which 
kind of solitons. 

Besides the optimum soliton solutions, there are some 
metastable ones in general 25,33 . In Ni 2 (dta)4l, their en- 
ergy difference is relatively large and therefore the ab- 
sorption spectra may significantly vary with the soliton 
type. Photoinduced infrared absorption measurements 
on MMX compounds must provide rich physics and are 
thus encouraged. 
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